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Ongoing global climate change is driving widespread shifts in species distributions. 
Trends show frequent upwards shifts of treelines, but information on changes in mon-
tane forest below the treeline and in the tropics and subtropics is limited, despite the 
importance of these areas for biodiversity and ecosystem function. Patterns of species 
shifts in tropical and subtropical regions are likely to be more complex and individu-
alistic than global averages suggest due to high species diversity and strong influence 
of competition, alongside direct climatic limitations on distributions. To address the 
question of how subtropical montane tree species are likely to move as climate changes, 
we used an extensive national forest inventory to estimate distribution shifts of 75 tree 
species in Taiwan by comparing the optimum elevation and range edges of adults and 
juveniles within species. Overall there was a significant difference in optimum eleva-
tion of adults and juveniles. Life stage mismatches suggested upward shifts in 35% of 
species but downward shifts of over half (56%), while 8% appeared stable. Upward 
elevation shifts were disproportionately common in high elevation species, whilst mid 
to low elevation species suggested greater variation in shift direction. Whilst previ-
ous research on mountain forest range shifts has been dominated by work addressing 
changes in treeline position, we show that although high elevation species shift up, 
below the treeline species may shift individualistically, heralding widespread changes 
in forest communities over coming decades. The wide variation of responses indicated 
is likely driven by individual species responses to interacting environmental factors 
such as competition, topography and anthropogenic influences across the broad range 
of forest types investigated. As global environmental changes continue, more detailed 
understanding of tree range shifts across a wide spectrum of forests will allow us to 
prepare for the implications of such changes for biodiversity, ecosystem function and 
dependent human populations.
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Ongoing global climate change is contributing towards wide-
spread shifts in species distributions (Parmesan and Yohe 
2003, Chen et al. 2011, Pecl et al. 2017, Lenoir et al. 2020), 
with movements to higher latitudes and elevations expected 
as species track warming climates (Gosz 1992, Morueta-
Holme  et  al. 2015). Temperatures are predicted to rise to 
1.5°C above pre-industrial levels by 2030–2052 (IPCC 
2018), with mountain regions expected to experience tem-
peratures up to three times higher than those recorded dur-
ing the 20th century (Nogués-Bravo et al. 2007). Evidence 
is accumulating of substantial shifts of montane forest tree 
distributions in response to climatic pressures (Harsch et al. 
2009). The impacts of shifts can vary considerably across spe-
cies ranges (Wallingford et al. 2020), with upwards shifts of 
trees threatening many endemic species frequently found at 
high elevations (Jump  et  al. 2012). Furthermore, changes 
in forest distribution and composition can decrease albedo 
(Pecl et al. 2017) and influence carbon sequestration (Kirby 
and Potvin 2007). Patchy coverage of assessments of mon-
tane forest shifts retards our understanding of the impacts 
changes are likely to have on biodiversity, ecosystem function 
and dependent human populations from local to global scales 
(but see Elsen et al. 2020). Accurate information on species 
distribution shifts is, therefore, urgently needed for improved 
bioclimatic modelling and to inform decisions on manage-
ment, conservation and policy.
While widespread upwards distribution shifts are 
reported for forest trees, research is largely based on stud-
ies of the treeline ecotone of Northern Hemisphere forests 
(Grabherr et al. 1994, Gehrig-Fasel et al. 2007, Harsch et al. 
2009, Dirnböck et al. 2011, Ruiz-Labourdette et al. 2012), 
with more limited investigation of responses in tropical 
montane regions (Feeley  et  al. 2011, 2013, Feeley 2012, 
Duque et al. 2015, Fadrique et al. 2018, Pouteau et al. 2018). 
Tropical forests hold the largest species diversity of any terres-
trial biome (Potapov et al. 2012), around 70% of the global 
forest carbon (Pan et al. 2011) and have key roles in stabilising 
soils (Nilaweera and Nutalaya 1999), maintaining soil fertility 
(García-Oliva et al. 1994) and regulating global water cycles 
(Snyder et al. 2004). Consequently, a greater understanding 
of tree species distributional changes and the implications on 
tropical ecosystem functioning is needed, due to a general 
lack of data, with few assessments in Asia, South America and 
central Africa (Lenoir and Svenning 2015). Generalising pat-
terns of range shifts across regions may be misleading, as envi-
ronmental conditions vary and there is evidence to suggest 
climate change affects systems differently (Harsch et al. 2009, 
Antão  et  al. 2020, Comte and Lenoir 2020, Lenoir  et  al. 
2020). In the tropics, temperatures do not vary greatly across 
latitude, but rapidly decline by around 5.2–6.5°C every 1000 
m with increasing elevation (Colwell et al. 2008). Therefore, 
subtle climatic changes could cause rapid shifts in montane 
community composition (McCarty 2001) and drive the 
establishment of novel species assemblages (Breshears  et  al. 
2008, Gilman et al. 2010, Alexander et al. 2018). Tropical 
trees have already been observed living in sub-optimal condi-
tions as they lag behind climate change, and could fall even 
further behind as climates rapidly alter (Feeley et  al. 2011, 
Fadrique  et  al. 2018, Esquivel-Muelbert  et  al. 2019). The 
high species diversity and complexity of biotic interactions at 
low latitudes (Schemske et al. 2009) means that multiple fac-
tors are likely to interact with temperature, driving strongly 
individualistic species distribution shifts in tropical forests.
Whilst the general expectation is that species will migrate 
to higher elevations as the climate warms and bands of suit-
able environmental conditions shift upwards (Gosz 1992, 
Feeley 2012, Morueta-Holme et al. 2015), species distribu-
tions are limited by multiple interacting factors (Harsch et al. 
2009, Ettinger  et  al. 2011, Wason and Dovciak 2017). 
Climate change is multifaceted and involves alterations 
to parameters including temperature mean and range, the 
amount and duration of rainfall, frequency and duration of 
fog, location of the cloud base, seasonality and frequency of 
extreme events (IPCC 2013). Non-climatic factors such as 
local scale biotic interactions (Lenoir et al. 2009), physiologi-
cal constraints (Chen et  al. 2011), soil nutrient availability 
(van Breugel et al. 2018), presence and abundance of pests 
and diseases (Máliš et al. 2016), topography (De Frenne and 
Verheyen 2016, Lembrechts and Lenoir 2019, Elsen  et  al. 
2020) and anthropogenic land use also influence species dis-
tributions (Vilà‐Cabrera et al. 2019), and will affect species 
responses to changing climate. Although upwards species dis-
tribution shifts are commonly reported (Harsch et al. 2009, 
Feeley  et  al. 2011), studies have also identified downslope 
movements (Lenoir  et  al. 2010, Crimmins  et  al. 2011, 
Urli  et  al. 2014) or limited evidence of shifts altogether 
(Zhu et al. 2012). Large-scale downwards elevational shifts 
have been noted in some areas, such as in montane vegeta-
tion in California (Crimmins et al. 2011). Mountain regions 
typically have high habitat and environmental heterogeneity 
(Jobbágy et al. 1996, Morley et al. 2018), so individualistic 
shifts in montane forest tree species distributions could be 
particularly likely.
Bias in research on forest tree species distribution shifts 
towards the extremes of species ranges overlooks changes 
occurring over the whole elevational gradient (Lenoir et al. 
2009). Although changes in distribution are typically 
most obvious at ecotones (Gosz 1992), treeline changes do 
not necessarily translate to equivalent shifts of all species 
(Vitasse et al. 2012) or influence dynamics below the treeline. 
Environmental conditions at ecotones often favour special-
ists (Fadrique et al. 2018), so distributional changes here are 
unlikely to be typical of ecosystems as a whole. Species can 
respond individualistically to climate change (Huntley 1991, 
Rabasa  et  al. 2013), with differing capacities to persist or 
migrate in response to changing environmental conditions 
(Lenoir and Svenning 2015). Populations of the same species 
at different locations across the distribution range can also shift 
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independently (Feeley 2012, Felde et al. 2012), with a meta-
analysis of within-species range shifts finding that non-ther-
mal factors considerably influenced patterns, with 42–50% 
of species showing individualistic shifts despite experiencing 
similar temperature increases (Gibson-Reinemer and Rahel 
2015). Subtle changes within ranges, such as species redis-
tributions or declines, are also likely (Lenoir et al. 2008) and 
could foreshadow future range shifts (Estrada  et  al. 2016). 
The conclusions drawn on forest shifts could, therefore, be 
substantially different depending on which area or species is 
assessed (Boisvert-Marsh et al. 2014). For an accurate picture 
on montane forest tree species distribution shifts, species-
specific information is needed (Fadrique et al. 2018), from 
across the entire elevational gradient.
Given the paucity of information on range shits of tropical 
montane trees, we sought to determine if evidence exists for 
species-specific range shifts below the treeline and the extent 
to which shifts are uniform for the species or individualistic 
across the elevational gradient. We estimated tree species dis-
tribution shifts across an elevation gradient of diverse tropical 
mountain forests in Taiwan, using a country-wide multi-spe-
cies forest inventory dataset. We tested the hypothesis that 
species at high elevations, which are most likely to be tem-
perature limited, will shift upwards, but lower elevation spe-
cies will display more complex, individualistic patterns due 
to the greater relative importance of biotic interactions below 
the treeline. We provide novel insight into distribution shifts 
of multiple species with elevation and their implications for 
forest communities in a subtropical montane forest system, 
contributing key information to better understand forest dis-
tribution shifts at a global scale.
Material and methods
Study location
The island of Taiwan straddles the Tropic of Cancer at the 
margins of the South China Sea. Lowland climates are warm 
and humid and conditions range through temperate to alpine 
with increasing elevation in the Central Mountain Range. 
Elevation is the main driver of temperature differences, whilst 
monsoons cause substantial variations in rainfall within and 
between years (Li et al. 2013). Mountains cover 74% of the 
island (Lu et al. 2001), with over 200 peaks higher than 3000 
m a.s.l. (Li et al. 2013). Areas below around 500 m a.s.l. are 
dominated by urban and agricultural land uses following 
widespread deforestation, but natural forests are abundant 
above this elevation, transitioning from broadleaved to mixed 
and conifer forest with increasing elevation (Li et al. 2013). 
Landslides occur frequently due to steep topography and 
unstable geology interacting with earthquakes and typhoons 
(Lu et al. 2001). High elevation species in Taiwan have been 
shown to be predominantly shifting upwards (Jump  et  al. 
2012, Greenwood et al. 2014, Morley et al. 2019), but there 
is a paucity of quantitative information on dynamics in the 
broader forest below the treeline.
Data
Analyses were undertaken using the 4th Taiwan National 
Forest Inventory (NFI), a systematic plot-based survey across 
the forested mountainous areas of Taiwan between the 9 
August 2008 and 23 January 2013 (Fig. 1).
Figure 1. Digital elevation model of Taiwan (a) and the distribution of National Forest Inventory field plots (b).
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Plots covered an elevation range from 0 to 3769 m a.s.l. 
and had a mean spacing of 2871 m between plots (spacing of 
3000 m in national forest areas and 1500 m elsewhere). The 
NFI was spatially extensive, and comprised species informa-
tion, tree measurements and environmental data over 1564 
plots, incorporating 86 306 trees and 516 species. Plots were 
approximately 0.05 ha (from 0.007 to 0.159 ha), with one 
plot side of 17.6 m perpendicular to slope and the other side 
parallel with a variable size to maintain the projected plot 
area (Supplementary material Appendix 1 Fig. A1). Within 
each plot, all trees > 5 cm diameter at breast height (dbh) 
measured at 1.3 m were recorded, with data such as species, 
dbh and height collected (Supplementary material Appendix 
1 Table A1). The elevation of each plot was recorded using a 
GPS.
Tree basal area (m2) was calculated for each tree and 
summed to plot level (Kershaw et al. 2017). From the avail-
able data, we removed trees with missing elevation, dbh or xy 
plot coordinates; trees with dbh > 99.99% of values, as these 
trees had obvious measurement errors, plot x coordinates > 
8.8 m and plot y coordinates > 99.99% to remove outliers; 
plots with basal area < 0.2 m2 and > 99.99% of basal area, 
leading to a final number of 84 361 trees and 1548 plots. 
We checked for plantation forests by identifying plots with > 
90% basal area of commonly planted species Taiwania cryp-
tomerioides, Cryptomeria japonica and Chamaecyparis formo-
sensis and checked the coefficient of variation of dbh values. 
No plots were removed following this process, as only one 
plot was identified despite trialling less conservative param-
eter values for basal area (down to > 60%) and dbh coef-
ficient of variation (up to < 0.3), and this plot also showed 
tree height variation from 5.8 m to 28 m, indicating that it is 
unlikely to have been planted.
Demographic analysis
To estimate the magnitude and direction of forest tree spe-
cies distribution shifts at the range optima and range edges 
we used a demographic approach. A single survey was used 
to determine the distribution mismatch between adult and 
juvenile trees as a proxy for change, with juveniles considered 
to reflect more recent environmental conditions and adults 
reflecting historic conditions (Lenoir et al. 2009, Rabasa et al. 
2013). Two methods of defining adult and juvenile life stages 
were compared. The first defined juveniles < 1st quartile of 
dbh values and adults > 1st quartile of dbh values, whilst the 
second used a species-specific approach, defining juveniles < 
0.25 percentile of dbh values for each species and adults > 
0.5 percentile. No seedlings were incorporated in the data-
set, allowing us to reduce potential influence on the results 
of ontogenetic niche differentiation (different environmental 
requirements of different life stages of the same species) and 
potential time lags between environmental changes and tree 
responses (Werner 1984, Lenoir et al. 2009, Bertrand et al. 
2011, Kroiss et al. 2015, Máliš et al. 2016, Alexander et al. 
2018). The distribution of adult and juvenile trees across the 
landscape for each method was compared, showing similar 
patterns and therefore indicating that the two methods are 
unlikely to give substantially different results. However, the 
second approach was selected as it provides species-specific 
information and removes trees with intermediate size classes. 
Distributions were checked again to detect any obvious 
latitudinal biases in life stages, to determine whether there 
were any indications of species shifting latitudinally, but 
no patterns were observed. Data were converted to occur-
rence records and species selected for analysis if there were at 
least 30 plots containing the species at the juvenile life stage. 
The final dataset comprised 62 089 trees, 1526 plots and 84 
species.
To explore the shape of species presence along the eleva-
tion gradient, we used generalized additive models (GAMs), 
with most species displaying hump-shaped distributions. 
These distributions were tested using generalized linear mod-
els (GLMs), comparing linear models with quadratic models 
for each species and life stage. Pseudo R2 values were calcu-
lated as 1 − (residual deviance/null deviance) to determine 
the predictive power of the models and models were com-
pared using AIC (Akaike information criterion), with lower 
values suggesting a better fit (with a difference ≥ 2). In accor-
dance with the assumption that species are generally most 
abundant in the centre of their range (Holt et al. 1997), only 
data from species which fitted the quadratic model better 
than the linear model were used for further analysis (75 out 
of 84 species). Predictions of probability of occurrence were 
generated for each species, from which, distribution graphs 
were created and range optima extracted (Supplementary 
material Appendix 1 Table A2, Fig. A2). The difference in 
range optima between life stages was calculated for each spe-
cies and a Wilcoxon signed rank test used to test the general 
trend of mismatches across all species.
To estimate changes in upper and lower range edges, a 
data exploration approach was used. We compared elevation 
at the range edges based on the raw data distributions using 
the 1st and 9th deciles of the elevation range as they provide a 
more robust indication of the range edge than extreme values 
(Lenoir et al. 2009). The difference in range edge positions 
between life stages was then calculated for each species and 
Wilcoxon signed rank tests used to test the overall mismatch 
across all species. All analyses were undertaken in R ver. 3.6.0 
(R Core Team).
Results
Differences between life stages at range optima
There was substantial variation in the magnitude and direc-
tion of mismatches in range optima between life stages for 
different species (Fig. 2). Around one third of species (35%) 
had juvenile optima higher than adults, suggesting upward 
shifts. However, over half of modelled species (56%) had 
juvenile range optima at lower elevations than adult optima 
of the same species, suggesting downward shifts. Shifts in 
elevational optima between adults and juveniles ranged from 
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Figure 2. Shifts in optimum elevation (m) between adults and juveniles of 75 subtropical montane tree species calculated as optimum 
(juvenile) – optimum (adult), using modelled optimum elevations. Negative values indicate juveniles located at lower elevation than their 
adult counterparts, whilst positive values indicate juveniles located at higher elevations. Juveniles were located at lower elevations than 
adults for 42 species, higher elevations for 27 species and at the same elevation for 6 species.
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0 m to 390 m, with high variability in upward and downward 
shifts. Overall, there was a significant difference in the opti-
mum elevation between life stages (V = 679.5, p = 0.002), 
with the juvenile median 50 m lower than the adult median. 
There was no difference in range optima between life-stages 
for 8% of species.
Evidence for upward elevation shifts was disproportion-
ately common in high elevation species (blue to green in 
Fig. 2). From the 15 species with adult optima > 2000 m 
a.s.l., upwards shifts were indicated for 12 species, downward 
shifts for 2 species, whilst 1 remained stable. The species 
which showed evidence for downward shifts were predomi-
nantly from mid to low elevations, with 41 out of 43 species 
having adult optimum elevations < 2000 m a.s.l. The species 
which showed no apparent mismatch between life stages were 
primarily mid-elevation species from the Lauracae, Theaceae 
and Juglandaceae families, with adult optimum positions 
ranging from 950 to 2660 m.
Differences between life stages at range edges
Species elevational ranges varied considerably in size (from 
363 to 1974 m), with species located at the high and low 
elevational extremes displaying the smallest ranges (Fig. 3). 
Most species showed a mismatch between life stages at their 
lower and upper range edges (1st and 9th decile), with sub-
stantial variation between species. Mismatches suggested 
range expansions in 57% of species and range contractions in 
43%. There were 17 species (22.67%) which had mismatches 
that implied range expansion at both range boundaries, with 
downward shifts at their lower range boundary and upward 
shifts at their upper range boundary.
The raw data trends were consistent with the model 
results. At the lower range edge, around two thirds of species 
(65.33%) had juvenile lower range edges below adults of the 
same species, suggesting potential downward shifts. Around a 
quarter of species (26.67%) had juveniles located higher than 
adults, suggesting upward shifts at their lower range edge. 
Mismatches in elevation ranged from 2.4 to 482 m, with con-
siderable variation in the sizes of mismatches in both upward 
and downward directions. There was no life stage mismatch 
at the lower range edge for 8% of species. However, overall, 
there was a significant difference in the lower range edge posi-
tions between life stages (V = 1735.5, p = 0.002), with the 
juvenile median 123.1 m lower than the adult median. 
Over half of species (56%) showed mismatches suggest-
ing downward shifts at the upper range edge, with juvenile 
upper range edges lower than adult upper range edges of the 
same species. Indications of upward shifts at the upper range 
edge were evident in 40% of species, with juveniles located 
higher than adults. Mismatches in elevation ranged from 4.3 
to 528.1 m, with considerable variation in the sizes of mis-
matches in both upward and downward directions. Overall 
considering all species, whilst the juvenile median was 13 m 
higher than the adult median, there was no significant dif-
ference in the upper range edge positions between life stages 
(V = 1614, p = 0.0928).
Discussion
By comparing the distribution of adult and juvenile life stages 
of 75 tree species across an elevation gradient from 0 to 3769 
m a.s.l. covering a broad range of forest types, we provide 
evidence that suggests species distribution shifts along ele-
vational gradients can vary considerably in tropical forests. 
While it is generally expected that species should shift to 
higher elevations in response to climate change (Chen et al. 
2011), we found highly variable life stage mismatches in 
range optima and upper and lower range edge positions, with 
a tendency for juveniles to be located at lower elevations than 
their adult counterparts. While our evidence suggests high 
altitude species are largely shifting upwards, mid to low eleva-
tion species showed more idiosyncratic patterns. Downward 
shifts of range optima were more common and were concen-
trated in mid to low elevation forests where species diversity 
was higher. Our results suggest that migration could be a 
common response of montane forest tree species to environ-
mental change, but that species move individualistically and 
are impacted by factors other than climate warming (Huntley 
1991). Range optima and upper and lower range edges of 
individual species did not shift uniformly in terms of size or 
direction, and more species underwent range expansions than 
contractions. Mid-elevation species appeared to be more sta-
ble under climate change, with some showing no migrations 
and no associated population declines, and others displaying 
range expansions at both edges of their distributions.
The upslope movements at high elevations we observed 
are likely to have been facilitated by rising temperatures and 
the potential for trees to expand into non-forest areas, fol-
lowing the expectation that climate change drives species 
upwards as higher elevations become suitable for tree estab-
lishment and growth (Lenoir et al. 2009, Jump et al. 2012, 
Greenwood et al. 2014, Pouteau et al. 2018). Temperatures 
in Taiwan’s Central Mountain Range have risen to around 
1.05°C higher than the 1934–1970 average, with this warm-
ing already linked to rapid upwards migrations of high alti-
tude plant species (Jump et al. 2012). Although the overall 
mismatch at the upper range boundary showed no significant 
difference across all species, critically, there was substantial 
difference at an individual species level. Upward shifts were 
the most common response of high elevation species, which 
is consistent with high altitude trees generally being more 
temperature limited than trees from warmer areas (Way and 
Oren 2010), high elevation montane environments warm-
ing at a faster rate than lower elevations (Pepin et al. 2015) 
and high elevation plant species likely to be competitively 
excluded under warmer temperatures (Alexander et al. 2015, 
Morley et al. 2020). 
Our findings support much of the literature indicating 
widespread upwards shifts at the treeline (Grabherr  et  al. 
1994, Gehrig-Fasel  et  al. 2007, Harsch  et  al. 2009, 
Dirnböck et al. 2011, Ruiz-Labourdette et al. 2012) and high 
elevation species shifting faster than mid to low elevation 
species (Lenoir  et  al. 2008). Furthermore, results based on 
forest inventory analysis here endorse assessments of treeline 
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Figure 3. Comparison between juvenile (blue) and adult (red) presence records for 75 subtropical tree species with elevation using the 1st 
and 9th deciles as the range edges and the 5th decile as the range mid-point.
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shifts in the same region based on aerial and satellite imagery 
(Greenwood et al. 2014). However, while upward shifts are 
indicated at the highest altitudes, the shifts in range optima 
that we identify below the treeline are highly individualistic, 
supporting the expectation that climatic warming can interact 
with a wide range of non-thermal factors to drive consider-
able variation in species distributional responses (Lenoir et al. 
2010, Crimmins et al. 2011).
Competition for light and nutrients is a major limitation on 
tree growth and survival (Lewis and Tanner 2000, Coomes and 
Allen 2007), particularly in diverse tropical forests (Terborgh 
2012). Shifts in distributions of some species can reduce the 
habitat suitability for others (Greenwood  et  al. 2016), with 
some species distributions lagging behind climate change 
whilst others respond more rapidly (Alexander  et  al. 2018, 
Lenoir et al. 2020). Ecotones can create barriers for movement, 
as conditions are typically different than in surrounding forest 
and can prevent some species colonising (Fadrique et al. 2018), 
while local variation in edaphic conditions can also restrict 
the expansion of some species distributions and promote the 
maintenance of others (Greenwood et al. 2014). Individualistic 
shifts of species can result in novel community compositions 
and biotic interactions which can, in turn, cause cascades of 
species distribution shifts (Huntley 1991, Gilman et al. 2010). 
Competitive interactions can be further influenced by altera-
tions in plant phenology and physiology in response to climate 
change (Hughes 2000).
Certain functional traits may facilitate some species sur-
vival over others, with traits such as an ability to disperse 
and colonise new areas early, frequent reproduction and high 
fecundity likely to aid migrations to new areas (Angert et al. 
2011, Alexander et al. 2018) and seed size and number and 
mode of reproduction likely to influence survival at a new 
site (Alexander et al. 2018). Effective dispersers may be able 
to track climate change and out-compete species which are 
responding more slowly (Urban et al. 2012). Two of the larg-
est shifts in optimum elevation we observed were in Pinus 
taiwanensis and Lagerstroemia subcostata, which are common 
to disturbed areas and habitat margins (Qin  et  al. 2007, 
Ruiz-Benito  et  al. 2015) indicating that they may be well 
equipped to respond to environmental changes. However, it 
is important to note that while we focus on distributional 
differences between life stages, establishment in a new site 
does not guarantee success as climate continues to change. 
For example, reductions in P. taiwanensis growth have been 
linked to increasing temperatures, suggesting that perfor-
mance of established trees may decline under future climate 
(Ruiz-Benito  et  al. 2015). Future studies might further 
explore how altitudinal changes across life stages depend on 
key functional traits, with dispersal syndrome or ability to 
track climate change potentially being key plant strategies 
(Montoya et al. 2008, Ruiz-Benito et al. 2017). For exam-
ple, species able to migrate rapidly at high elevation have the 
potential to form outposts in advance of the current treeline 
where their establishment is facilitated by survival beyond the 
seedling life stage (Ewald 2012).
Our analyses show wide variation in responses of spe-
cies across their range, with evidence suggesting the upper 
edge, optimum and lower edges moving in different direc-
tions or at different rates. Differences in shifts across the 
range of a single species are likely to be due to populations 
being affected by different processes and drivers of reproduc-
tion, dispersal, establishment and growth interacting across 
a species elevation range. Variation in local adaptation and 
phenotypic plasticity can cause populations of the same tree 
species to respond differently to the same environmental 
challenges (Matías and Jump 2012), with considerable varia-
tion in functional traits possible even within single species 
groups (Hulshof and Swenson 2010). Variations in abiotic 
environments (Rumpf et al. 2018) and micro-scale climatic 
conditions also influence where individuals are located 
(Lembrechts and Lenoir 2019). Mountain environments are 
highly heterogeneous, with areas of suitable habitat often sep-
arated by features such as valleys and outcrops, which restrict 
migrations (Alexander et al. 2018). Factors such as soil con-
ditions, unstable bedrock, exposed aspects and steep gradi-
ents can limit migrations, and have already been linked to 
individualistic treeline advance in Taiwan (Greenwood et al. 
2014, 2015), whilst disturbances such as avalanches and 
landslides can drive species downwards locally, even within 
the context of upward shifts facilitated by a warming climate 
(Cannone et al. 2007, Frei et al. 2010).
Across the region investigated, mid-elevation species 
appear well equipped to cope with changing climates, with 
some evidencing persistence and others an ability to migrate. 
Generalist species with large ranges are considered more 
likely to succeed under climate change than specialists with 
narrow ranges (Broennimann  et  al. 2006, Laurance  et  al. 
2011). The species we observed that did not shift their eleva-
tional distributions were all from mid-elevations with large 
ranges, indicating that they may be able to persist over com-
ing decades and following expectations that generalist species 
shift less than specialists (Lenoir  et  al. 2008). While some 
mid-elevation species look likely to maintain current dis-
tributions, others show potential to expand. Of the 17 spe-
cies with mismatches that suggested range expansions with 
downwards shifts at their lower range boundary and upwards 
shifts at their upper range boundary, 11 were characteristic of 
Pasania–Elaeocarpus montane evergreen broadleaved cloud 
forest (1200–1600 m a.s.l.) and 10 of Machilus-Castanopsis 
sub-montane evergreen broadleaved forest (400–1800 m 
a.s.l.), described by Li et al. (2013). However, such changes 
will be strongly determined over future decades by shifts 
in the cloud base, thickness, cover and water content (Ray 
2013), which may differ locally due to variation from the East 
Asian Monsoon and the Massenerhebung effect (Schulz et al. 
2017). The pattern of mid-elevation forests faring better than 
some others under climate change has previously been noted, 
such as Pinus jeffreyi in Nevada rapidly expanding at the mid-
elevation point of its range (Gworek et al. 2007). Our results 
indicate that future forests in Taiwan may show a relative 
increase in more resilient mid-elevation species.
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Whilst ecological and environmental factors influence spe-
cies distributions, anthropogenic land-use changes also shape 
how species are located across the landscape and may have 
an important role in driving the complex species distribu-
tion shifts we observed. Around 60% of mountainous regions 
across the globe are exposed to intensive anthropogenic land 
use pressures (Elsen  et  al. 2020). Agricultural activities are 
creeping upwards in Taiwan as the human population grows 
(Chou and Tang 2016), with orchards, tea, vegetables and 
betel nut now planted locally at mid to high elevations 
(Lu et al. 2001). Tourism and recreation have also increased 
in recent decades in forested mountain regions, with asso-
ciated development expanding, particularly along roads 
(Lu et al. 2001). Although large scale land-use change in the 
lowlands would most likely drive forests upwards (Guo et al. 
2018), small disturbances may allow certain species to colo-
nise areas previously unavailable to them and temporarily 
increase species richness (Connell 1978, Molino and Sabatier 
2001, Lembrechts et al. 2017).
Both historic forest cover and recent interventions 
can influence the rate of climate-driven shifts (Guo  et  al. 
2018), particularly at lower edges of species distributions 
(Vilà‐Cabrera  et  al. 2019). Forests in Taiwan are mostly 
protected for water resources, slope stability and biodiver-
sity, and there is a strong public appreciation for the value 
of forests (Lu et al. 2001). However, timber harvesting has 
occurred, and was particularly intense in some parts of the 
island during the 1940s (Lu  et  al. 2001). Localised forest 
thinning is undertaken for conservation purposes in some 
areas (Weng et al. 2007, Zhuang et al. 2014, Lin et al. 2015), 
providing potential for infilling from higher elevations. The 
legacy of past land use should not be overlooked in driving 
current forest composition and performance (Perring  et  al. 
2016, 2018, Alfaro-Sánchez et al. 2019).
As the climate continues to change, information on the 
mechanisms, drivers and implications of forest redistribu-
tions are urgently needed. Here, we have addressed an impor-
tant knowledge gap, demonstrating that tree distribution 
shifts in tropical montane forests are complex and are likely 
driven by more than direct effects of climate alone. We fol-
lowed a similar, but adjusted, demographic approach used 
in previous studies (Lenoir et al. 2009, Vitasse et al. 2012, 
Rabasa et al. 2013), which can be applied to forest regions 
across the world to rapidly assess changes using a single sur-
vey in the absence of suitable historic records. Therefore, we 
suggest this approach will be particularly valuable in data 
poor regions, such as understudied tropical forests where one 
large-scale survey could indicate the magnitude and direction 
of potential tree species changes.
One argument against our interpretation of species dis-
tribution shifts could be that differences in the abundance 
and local distribution of adults and juveniles of a species can 
be linked to ontogenetic niche differentiation (Werner 1984, 
Bertrand et al. 2011). However, we argue that findings pre-
sented here can indicate anticipated changes through time 
because: 1) the observed directional patterns can be explained 
by climate change drivers, but they are not consistent with 
ontogenetic shifts (i.e. higher tolerance of juveniles than 
adults at high elevations (Lenoir  et  al. 2009); and 2) we 
excluded seedlings that are expected to show the greatest 
ontogenetic niche differences not linked to temporal changes 
(Máliš et al. 2016). Further integrated analysis of climate, at 
both a micro and macro scale (Lembrechts and Lenoir 2019), 
landscape, land use history and species traits is valuable to 
provide greater detail. With predictions of future movements 
essential for effective conservation and resource management, 
further research into approaches such as trait based range 
shift predictions are needed (Pöyry et al. 2009, Angert et al. 
2011, Estrada et al. 2016). Assessments combining multiple 
parts of species ranges are scarce (Lenoir and Svenning 2015), 
yet are much needed and important for gaining a thorough 
understanding of distribution shift dynamics.
Conclusions
Whilst previous predictions suggest widespread upwards 
shifts of tree species as the climate warms, trends of mon-
tane forest change in the tropics and subtropics are likely 
to be more complex than global averages suggest. Here, we 
estimated distribution shifts of 75 tree species in Taiwan to 
assess the extent to which species respond individualistically 
to current environmental changes. While frequent upward 
shifts were indicated for high elevation species, in contrast 
to expectations, we found evidence suggesting downward 
shifts to be widespread at mid to low elevations in subtropi-
cal montane forest. There was great variability in responses 
between species and across different parts of the ranges of 
single species. The wide variation of responses we identified 
is most likely driven by biotic interactions in high diversity 
forest and individual species and population responses to 
interacting environmental factors such as topography and 
anthropogenic influences. These factors are common to many 
other tropical and subtropical forests, suggesting such indi-
vidualistic responses should be frequent and indicating a high 
likelihood of widespread forest community change over com-
ing decades. With global environmental changes ongoing, 
accounting for complexity in shifts in montane forest species 
distributions is needed to provide insight on the implications 
for ecosystems and the people who depend on them.
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